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We  present  an  efficient  water  recirculation  method  for  air-breathing  direct  methanol  fuel  cells  (DMFC)  by 
utilizing  so-called  electroosmotic  (EO)  pumps.  The  fuel  management  system  includes  three  EO  pumps  for 
the  delivery  of  methanol  solution,  pure  methanol,  and  pure  water,  respectively.  Water  recirculates  from 
the  fuel  cell  back  to  the  fuel  supply  stream  with  the  aid  of  these  pump  systems.  We  characterized  the 
performance  of  the  air-breathing  DMFC  for  2  M  and  4  M  methanol  solutions  using  a  syringe  pump  and 
EO  pumps,  respectively.  The  DMFC  performance  is  similar  for  both  types  of  pumps  as  long  as  the  EO 
pump  operates  with  the  applied  voltage  of  6  V  or  higher.  The  maximum  net  power  density  (fuel  cell 
power  generation  minus  pump  power  consumption)  was  50  mW  cm-2  for  2  M  methanol  solution  and 
the  applied  pump  potential  of  8  V.  The  minimum  parasitic  power  ratio  (pump  power  consumption 
divided  by  fuel  cell  power  generation)  was  merely  2.1%  for  4  M  methanol  solution  and  the  applied  pump 
potential  of  6  V.  We  successfully  demonstrated  that  the  air-breathing  DMFC  integrated  with  the  EO 
pumps  operated  in  a  stable  condition  in  1-h  galvanostatic  measurement. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  are  regarded  as  a  promising 
contender  to  replace  the  current  battery  technology  because  they 
offer  multiple  advantages  such  as  instant  recharging  (i.e.  injecting 
methanol),  high  energy  density,  and  simple  structure  with  no 
moving  part  [1—7].  Many  companies  including  MTI  micro  fuel  cells, 
Toshiba,  and  Samsung  advanced  institute  of  technology  (SAIT)  have 
developed  DMFCs  for  the  application  of  portable  electronic  devices 
[8-10].  There  are  however  still  some  issues  in  the  commercializa¬ 
tion  of  DMFCs,  e.g.  their  high  system  cost,  low  fuel  conversion 
efficiency,  and  power  loss  due  to  methanol  crossover  [11,12]. 

Methanol  crossover,  a  permeation  of  methanol  through 
a  membrane,  has  been  identified  as  an  important  problem  of 
DMFCs.  Numerous  studies  have  been  conducted  for  solving  this 
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problem  [13,14].  The  proposed  solutions  can  be  divided  into  three 
types:  (1)  the  modification  of  membranes  to  reduce  methanol 
crossover  [15-17],  (2)  the  development  of  highly  active  catalysts 
[13,18-21  ],  and  (3)  the  use  of  diluted  methanol  solutions  (1-2  M  in 
active  fuel  supply  and  3—5  M  in  passive  fuel  supply)  [22-24].  The 
use  of  diluted  methanol  solutions  especially  has  been  identified  as 
a  common  solution  to  the  methanol  crossover  because  of  simplicity 
and  compatibility  with  pre-existing  systems.  The  technique  typi¬ 
cally  includes  water  recirculation:  pure  methanol  is  pumped  from 
the  fuel  storage,  pure  methanol  is  diluted  with  water,  diluted 
methanol  is  supplied  to  a  fuel  cell,  only  methanol  is  used  up  in  the 
fuel  cell,  and  the  leftover  water  from  the  fuel  cell  is  re-circulated  for 
methanol  dilution.  This  way,  energy  density  can  be  increased  by 
storing  only  pure  methanol  instead  of  diluted  methanol.  The  key  to 
this  type  of  system  is  thus  efficient  fuel  management  so  that  left¬ 
over  water  can  be  supplied  without  loss  and  the  flow  rate  is 
controlled  to  maintain  the  methanol  concentration.  Recently, 
various  fuel  management  methods  for  DMFCs  were  reviewed  by 
Zhao  et  al.  [25]. 
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Nomenclature 

A  cross-sectional  area  (m2) 

L  thickness  (m) 

P  power  (W) 

Q  flow  rate  (ml  min-1) 

14pp  applied  voltage  (V) 

r  permittivity  of  liquid  (F  m-1) 

Id  viscosity  (Pa  s) 

(Too  ionic  conductivity  (S  m"1) 

t  tortuosity  (-) 

^  porosity  (-) 

£  zeta  potential  (V) 


Micropumps  that  can  precisely  control  flow  rate  are  needed  for 
the  fuel  delivery  or  fuel  management  of  portable  DMFCs  [26-28]. 
Electroosmotic  (EO)  pumps  are  micropumps  based  on  electroos¬ 
mosis.  Electroosmosis  refers  to  the  bulk  motion  of  an  electrolyte, 
caused  by  Coulombic  interaction  of  external  electric  fields  with  the 
charges  of  a  so-called  electric  double  layer  (EDL).  EO  pumps  are 
suitable  for  DMFC  applications  because  they  generate  high  flow 
rate  and  pressure  in  a  small  volume  and  it  is  easy  to  control  the  flow 
rate  by  adjusting  the  voltage  [29-35].  One  advantage  of  EO  pump- 
DMFC  integration  is  the  removal  of  electrolysis-originated  bubbles 
(one  weakness  of  EO  pumps)  simultaneously  with  carbon  dioxide 
generated  by  methanol  oxidation  in  DMFCs.  Buie  et  al.  recently 
demonstrated  that  an  EO  pump  can  efficiently  deliver  diluted 


methanol  solutions  (2-8  M)  to  an  air-breathing  DMFC  [36].  They 
found  that  the  EO  pump  consumed  only  5%  of  DMFC  power  to 
supply  fuel  to  the  DMFC. 

In  our  previous  work,  we  demonstrated  that  EO  pumps  can 
deliver  pure  methanol  and  pure  water  as  well  as  methanol  solu¬ 
tions  [37].  This  suggests  a  potential  application  of  our  EO  pumps  for 
water  recirculation  in  DMFCs.  In  this  work,  we  report  an  efficient 
water  recirculation  scheme  for  fuel  management  of  the  air- 
breathing  DMFC  by  utilizing  three  EO  pumps. 

2.  Experimental 

The  fuel  cell  we  used  was  an  air-breathing  fuel  cell  with  the 
cathode  open  to  the  atmosphere.  The  cathode  current  collector  was 
in  a  rib  shape  with  50%  open  ratio.  The  anode  flow  field  has  a  single 
serpentine  pattern,  with  the  width  of  1  mm  and  the  depth  of 
0.5  mm.  A  serpentine  channel  is  considered  as  an  appropriate 
structure  for  removing  carbon  dioxide  generated  at  the  anode  [36]. 
The  anode  current  collector  was  fabricated  by  gold-plated  stainless 
steel.  We  used  a  membrane  electrolyte  assembly  (MEA)  with  the 
surface  active  area  of  1.4  cm  by  1.4  cm  (12D-W,  BASF).  The  silicone 
gaskets  with  a  0.2  mm  thickness  were  located  both  at  the  anode 
and  cathode  sides  of  the  MEA.  The  pure  platinum  mesh  (LS363232, 
Goodfellow,  wire  diameter  of  0.06  mm)  was  inserted  between  the 
gas  diffusion  layer  (GDL)  and  the  cathode  current  collector  to 
reduce  Ohmic  loss.  We  assembled  all  these  components  with  bolts 
and  nuts  and  the  tightening  pressure  was  2  N  m,  an  optimal  value 
found  for  our  setup. 

Fig.  1  shows  the  schematic  of  the  DMFC  integrated  with  the  fuel 
management  module  (i.e.  three  EO  pumps).  We  characterized  the 
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Fig.  1.  Schematic  of  the  experimental  setup  including  an  air-breathing  DMFC,  a  sourcemeter,  three  EO  pumps,  three  power  supplies,  and  three  multimeters  (not  shown). 
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performance  of  the  air-breathing  DMFC  using  a  sourcemeter  (2410, 
Keithley).  It  operated  in  a  four-wire  sense  mode.  We  recorded  the 
generated  voltage  and  current  signals  using  the  GPIB  card  and 
Labview  9.0  (National  Instruments).  We  supplied  electrical  energy 
to  the  EO  pumps  using  DC  power  supplies  (U3606A,  Agilent)  and 
measured  the  consumed  power  using  multimeters  (34410A,  Agi¬ 
lent).  The  key  component  of  the  EO  pumps  is  borosilicate  porous 
glass  frits  (ROBU  Glassfilter-Geraete  GmbH)  with  the  diameter  of 
1.2  cm  and  the  thickness  of  1.5  mm  for  electroosmotic  flow 
generation.  The  pumps  also  include  EPDM  gaskets  for  fluid  sealing, 
spiral  platinum  wires  (cf>  0.3  mm)  for  electricity  application,  and 
methanol-safe  PVC  liquid  reservoirs.  The  detailed  description  of  EO 
pumps  can  be  found  in  our  previous  paper  [37,38]. 

The  working  mechanism  of  fuel  management  is  as  follows.  The 
diluted  methanol  solution  is  pumped  to  the  DMFC  with  the  first  EO 
pump.  The  electrochemical  reaction  occurs  in  the  DMFC,  leaving 
carbon  dioxide  and  leftover  water.  The  carbon  dioxide  and  water 
are  moved  to  the  water  reservoir,  where  carbon  dioxide  is  removed 
due  to  buoyancy  effect.  The  second  EO  pump  delivers  this  degassed 
water  (and  a  minute  amount  of  un-reacted  methanol)  to  the  first 
pump  reservoir.  The  third  pump  delivers  pure  methanol  from  the 
fuel  storage  to  the  first  pump  reservoir.  In  the  first  pump  reservoir, 
water  and  methanol  are  mixed  at  a  given  ratio  to  maintain  the  pre¬ 
set  methanol  concentration.  This  diluted  methanol  solution  is 
pumped  to  the  fuel  cell  and  the  fuel  management  system  finishes 
its  closed  loop  as  such. 

We  conducted  the  conditioning  of  MEAs  for  the  optimal  cell 
performance  before  the  initial  use  of  MEAs.  The  conditioning 
procedure  is  as  follows.  We  hydrated  MEAs  for  2  h  or  more  using 
80  °C  hot  water  and  humidified  air.  After  hydration,  we  streamed 
the  2  M  methanol  solution  to  the  anode  and  dried  air  to  the 
cathode,  respectively,  for  12  h  or  more.  We  then  repeated  the  DMFC 
operation  under  the  constant  load  (potential  of  about  0.3  V)  and 
measured  the  polarization  curve  until  the  maximum  power 
became  nearly  constant.  We  performed  the  production  experiment 
with  a  typical  procedure.  We  obtained  each  polarization  curve  in 
a  galvanostatic  mode.  We  fixed  the  current  steps  at  20  mA  and  kept 
each  step  for  30  s.  The  total  run  time  was  10  min  or  more  for  each 
case  of  experiments.  We  rinsed  the  DMFC  with  the  methanol 
solution  between  the  measurements.  This  rinsing  step  removed  the 
effect  of  carbon  dioxide  in  the  anode. 


3.  Results  and  discussion 

We  characterized  the  performance  of  EO  pumps  with  pure 
water,  pure  methanol,  and  2  M  and  4  M  methanol  solutions.  The 
working  principle  and  detailed  models  are  reported  elsewhere 
[29,37].  The  flow  rate  in  the  absence  of  back  pressure  is  given  as 
Q.~  -  ^^Vapp//(TitiL),  where  t,  \p,  A ,  and  L  are  the  tortuosity, 
porosity,  cross-sectional  area,  and  thickness  of  the  porous  media, 
respectively,  r  and  g  are  the  permittivity  and  viscosity  of  liquids  and 
£  is  a  so-called  zeta  potential,  which  is  the  characteristic  parameter 
for  a  given  porous  material  and  a  solvent.  The  factor/is  a  correction 
factor  due  to  the  overlap  of  so-called  electrical  double  layers  [29]. 
We  measured  flow  rate  at  different  voltages  (20,  40,  60,  80, 100  V) 
and  found  that  flow  rate  per  voltage  Q/Vapp  is  17,  11,  9.0,  and 
9.1  pL  min-1  V-1  for  pure  water,  pure  methanol,  2  M  methanol 
solution  and  4  M  methanol  solution,  respectively.  These  values 
however  should  be  used  with  caution  that  the  applied  voltage  can 
be  different  from  the  voltage  effective  in  electroosmosis  [29].  The 
flow  rate  per  voltage  Q/Vapp  therefore  would  be  lower  than  these 
values  especially  under  the  pump  voltage  of  5  V.  We  reported  the 
performance  of  the  EO  pump  for  a  full  range  of  methanol  concen¬ 
trations  in  [37]. 


One  useful  parameter  in  this  study  is  the  flow  rate  per  power 
while  the  power  consumption  can  be  obtained  by  multiplying  the 
applied  voltage  by  the  consumed  current.  It  can  be  theoretically 
expressed  as  Q./P  =  -r<;g/(Vappp(7oo)  [36].  Here,  a is  ionic 
conductivity  of  liquid  and  g  is  another  correction  factor  like  the 
factor/ [29].  The  flow  rate  per  power  is  inversely  proportional  to  the 
applied  voltage.  QJP  is  3.7,  3.4,  2.8,  and  23  mL  min-1  W-1  at  100  V 
for  water,  methanol,  2  M  methanol  solution,  and  4  M  methanol 
solution,  respectively. 

We  characterized  the  performance  of  the  air-breathing  DMFC. 
Fig.  2  shows  the  polarization  curves  for  (a)  2  M  and  (b)  4  M 
methanol  solutions.  We  supplied  enough  fuel  with  a  fixed  flow  rate 
of  100  pL  min-1  and  we  maintained  the  operating  temperature 
around  50  °C.  We  conducted  the  experiments  with  a  syringe  pump 
(Pump33,  Harvard)  as  a  benchmark  case.  The  open  circuit  voltage 
(OCV)  with  the  4  M  solution  is  lower  than  with  the  2  M  solution 
because  of  the  increased  mixed  potential,  the  result  of  the 
increased  methanol  crossover.  We  observed  rather  high  activation 
loss  by  sluggish  methanol  reaction  at  low  currents  during  polari¬ 
zation  testing.  We  however  did  not  observe  a  clear  indication  of 
concentration  loss  in  the  experiments  with  the  syringe  pump.  The 
maximum  power  density  with  the  syringe  pump  is  51  mW  cm-2  at 
250  mA  cm-2  and  46  mW  cm-2  at  180  mA  cm-2  for  2  M  and  4  M 
methanol  solutions,  respectively.  The  maximum  power  density  is 
therefore  greater  with  2  M  solution  than  with  4  M  solution  in  this 
benchmark  experiment. 
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Fig.  2.  Polarization  and  power  density  curves  for  (a)  2  M  and  (b)  4  M  methanol 
solutions. 
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We  characterized  the  performance  of  the  air-breathing  DMFC 
integrated  with  the  EO  pump  while  we  varied  the  EO  pump  volt¬ 
ages  among  4,  6,  and  8  V.  The  general  trend  is  similar  to  the 
benchmark  case  except  for  the  EO  pump  voltage  of  4  V.  The 
performance  with  2  M  methanol  solution  showed  the  maximum 
power  density  (50  mW  cm-2)  at  the  EO  pump  voltage  of  8  V.  In  the 
experiments  with  4  M  methanol  solution,  we  observed  the 
maximum  power  density  (48  mW  cm-2)  at  the  EO  pump  voltage  of 
6  V.  This  power  density  with  the  EO  pump  is  almost  the  same  with 
the  syringe  pump  that  in  the  benchmark  case.  When  the  applied 
voltage  was  lowered  to  4  V,  however,  the  DMFC  voltage  steeply  falls 
below  0.2  V  around  the  DMFC  current  of  50  mA  cm-2  or  higher  The 
DMFC  anode  is  starved  of  methanol  due  to  the  low  flow  rate  at  the 
pump  voltage  of  4  V. 

Fig.  3  shows  the  net  power  density  (the  DMFC  power  generation 
minus  the  EO  pump  power  consumption)  against  the  current 
density.  The  net  power  density  curves  show  a  parabolic  shape 
similar  to  the  usual  power  density  curve,  except  for  the  cases  with 
the  EO  pump  voltage  of  4  V.  The  reason  for  the  similarity  is  the  low 
EO  pump  power  consumption,  meaning  that  the  net  power  output 
is  close  to  the  DMFC  own  power.  The  maximum  net  power  density 
is  46.6  mW  cirr2  at  the  pump  voltage  of  8  V  for  2  M  methanol 
solution  and  45.9  mW  cm-2  at  the  pump  voltage  of  6  V  for  4  M 
methanol  solution. 

Fig.  4  shows  the  parasitic  power  ratio,  which  is  defined  as  the  EO 
pump  power  consumption  divided  by  the  DMFC  power  generation. 


Fig.  3.  Net  power  density  (power  generation-power  consumption)  for  (a)  2  M  and  (b) 
4  M  methanol  solutions. 


Fig.  4.  Parasitic  power  ratio  (power  consumption/power  generation)  for  (a)  2  M  and 
(b)  4  M  methanol  solutions. 

This  ratio  increases  with  the  increasing  EO  pump  voltage  and 
decreases  with  the  increasing  DMFC  current.  It  is  nearly  constant 
above  100  mA  cm-2  at  the  applied  voltage  of  6  and  8  V  for  both 


Fig.  5.  Time  record  of  power  in  the  air-breathing  DMFC  integrated  with  a  fuel 
management  module.  The  DMFC  operated  at  the  temperature  of  50  °C  and  the  current 
load  of  300  mA.  The  feed  concentration  of  the  DMFC  was  2  M  methanol  solution.  The 
applied  EO  pump  voltages  were  8.0,  4.6,  and  0.8  V  for  the  pumping  of  2  M  methanol 
solution,  DI  water,  and  pure  methanol,  respectively. 
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methanol  solutions.  The  lowest  parasitic  power  ratio  is  as  low  as 
2.1%  for  4  M  methanol  solution  in  this  practical  operation  range. 

Fig.  5  shows  the  1-h  time  record  of  power  generation/ 
consumption  in  our  fuel  management  module.  The  air-breathing 
fuel  cell  operated  around  the  maximum  power  (2  M  methanol 
solution  and  current  load  of  300  mA)  for  optimal  performance.  The 
voltages  of  EO  pumping  were  at  8,  4.6,  and  0.8  V  for  2  M  methanol 
solution,  DI  water,  and  pure  methanol,  respectively.  We  determined 
these  EO  pump  voltages  based  on  the  current  load  of  the  DMFC.  The 
power  of  the  air-breathing  DMFC  slowly  ramps  up  during  the  initial 
5  min  and  becomes  stabilized  up  to  1  h.  The  power  curves  for  the 
EO  pumps  sometimes  show  sharp  drops  and  these  are  due  to  the 
overflow  of  the  fuel  solutions  from  the  pump  reservoirs.  This 
overflow  is  indebted  to  the  pressure  build-up  by  the  generated 
carbon  dioxide.  We  need  to  devise  a  means  to  remove  carbon 
dioxide  efficiently  in  the  future.  Most  of  power  consumption  is  for 
the  supply  of  2  M  methanol  solution  and  DI  water  and  the  power 
demand  for  pure  methanol  is  only  0.3  mW.  Overall,  we  achieved  the 
net  power  of  76  mW  and  the  parasitic  power  ratio  of  14%. 

4.  Conclusion 

We  report  the  performance  of  EO  pumps  for  pumping  pure 
methanol,  pure  water,  and  methanol  solutions.  We  also  report  the 
experimental  results  of  the  air-breathing  DMFC  integrated  with  EO 
pumps.  The  DMFC  performance  with  the  EO  pump  is  similar  to  the 
benchmark  performance  with  the  syringe  pump  as  long  as  the  fuel 
supply  is  enough  at  the  pump  voltage  of  6  V  or  higher.  We  found 
that  the  maximum  net  power  density  is  50  mW  cm-2  with  2  M 
methanol  solution  at  the  EO  pump  potential  of  8  V.  We  also  ach¬ 
ieved  the  minimum  parasitic  power  ratio  of  2.1%  with  4  M  meth¬ 
anol  solution  at  the  EO  pump  potential  of  6  V.  We  also  performed  1  - 
h  long  galvanostatic  measurement  in  the  maximum  net  power 
condition.  The  air-breathing  DMFC  and  EO  pumps  operated  stably 
during  this  period  of  time. 

The  experimental  results  show  that  EO  pumps  can  be  efficiently 
applied  for  fuel  management  of  a  DMFC  with  low  power 
consumption.  The  current  setup  however  does  not  include  a  control 
scheme  to  maintain  methanol  concentration.  Although  we  did  not 
observe  any  sign  of  concentration  drift  during  the  1-h  long  exper¬ 
iment,  control  over  methanol  flow  rate  should  be  needed  for 
a  much  longer  operation  in  practical  applications.  The  control 
scheme  would  include  a  sensor  for  methanol  concentration, 
a  pump  voltage  metering,  and  feedback  control  algorithm.  The  gas- 
buildup  is  another  issue  and  a  possible  simple  solution  would  be 
a  gas  trap  chamber.  The  electroosmotic  pumps  in  this  paper 
required  the  voltages  higher  than  the  output  voltage  of  a  single  cell. 
For  practical  use,  the  pumps  should  be  powered  by  the  fuel  cell 
itself,  which  means  that  a  fuel  cell  stack  should  be  used.  Efficient 
recirculation  in  such  a  fuel  cell  stack  system  should  be  investigated 
in  the  future. 
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